Our results also define cooperative interactions among these components that are specific or interchangeable across life kingdoms, and imply Hsp100 family disaggregases possess intrinsic amyloid remodeling activity.
INTRODUCTION
The ability of yeast Hsp104 and E. coli ClpB chaperones to resolubilize proteins from aggregates is critical for survival of cells exposed to stresses that cause protein aggregation. These Hsp100s, like other cellular chaperone machines, cooperate with Hsp70 chaperones and their J-protein (e.g. Hsp40) and nucleotide exchange factor (NEF) regulatory partners (GLOVER and LINDQUIST 1998; GOLOUBINOFF et al. 1999; LUM et al. 2004) . DnaK, DnaJ, and GrpE are E.
79870587-file00
4 coli counterparts of eukaryotic Hsp70, Hsp40 and NEF, respectively. Hsp70 and J-protein families each contain several members that have both redundant and specific functions. For example, Hsp70s within and across species complement Hsp70 functions in yeast, but to widely varying degrees (SHARMA et al. 2009a; SHARMA and MASISON 2008; SHARMA and MASISON 2011; TUTAR et al. 2006) .
What determines functional specificity among Hsp70s is uncertain, but the evolutionary amplification of J-proteins suggests a major factor is the regulation of Hsp70 by its many cochaperones (KAMPINGA and CRAIG 2010) . The influence of this regulation can be expected to extend to the functions of all cellular chaperone machineries that depend on Hsp70, including Hsp104 and Hsp90. How the functions of such machines might be influenced by the way Hsp70 is regulated by J-proteins and other protein "quality control" factors is an important question. (DERKATCH et al. 1997; SONDHEIMER and LINDQUIST 2000; WICKNER 1994) . Growth of prion fibers from their ends does not appear to require chaperones, but their replication depends on Hsp104 (CHERNOFF et al. 1995; DERKATCH et al. 1997; MORIYAMA et al. 2000) , which is believed to fragment prion fibers by extracting polypeptides from them (HUNG and MASISON 2006; TESSARZ et al. 2008) .
Continual fragmentation in this manner is necessary for prions to persist in an expanding yeast population (CHERNOFF et al. 1995; PAUSHKIN et al. 1996) .
Eukaryotic Hsp100 homologs from divergent species can substitute for Hsp104 in thermotolerance or prion propagation (LEE et al. 1994; SCHIRMER et al. 1994; SENECHAL et al. 2009; ZENTHON et al. 2006) , but ClpB supports neither process in yeast and Hsp104 does not 79870587-file00 5 function in E. coli (MIOT et al. 2011; TIPTON et al. 2008) . A version of ClpB modified to contain only the middle region (M) of Hsp104, however, cooperates specifically with eukaryotic Hsp70 in protein refolding reactions and provides protein resolubilizing and thermotolerance functions in yeast (MIOT et al. 2011) . The interspecies restrictions are therefore determined by the specificity of interaction between Hsp100 and Hsp70 that is mediated by the M-region (GLOVER and LINDQUIST 1998; MIOT et al. 2011; SIELAFF and TSAI 2010) . These findings support a proposal that regulation of Hsp100 is mediated by an affect of Hsp70 on the M region (HASLBERGER et al. 2007) , and imply that function of Hsp100 proteins requires specific cooperation with their cognate Hsp70s.
Because purified Hsp104 and ClpB can act independently of Hsp70 under some conditions, and essential Hsp40 and Hsp70 functions cannot be deleted in yeast, questions remain about whether components of the disaggregation machinery other than Hsp104 are required for yeast prion propagation (DOYLE et al. 2007; SHORTER and LINDQUIST 2004; STANIFORTH and TUITE 2012; TYEDMERS 2012; WINKLER et al. 2012) . Here, we replaced Hsp104 with Hsp104-ClpB hybrid proteins or ClpB to address this issue and identify chaperone interactions necessary for yeast prion propagation and thermotolerance. Our findings that ClpB functioned in yeast when it was either modified to interact with yeast Hsp70 or co-expressed with E. coli Hsp70 system components, and that Hsp40 determines Hsp100 machinery activity in these processes, both define necessary interactions among the disaggregation machinery components and identify which interactions are species-specific or interchangeable.
MATERIALS AND METHODS
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Yeast strains, growth conditions and monitoring prions: Yeast strains used were 1408 (MATα, SUQ5, his3Δ202, hsp104::kanMX, leu2Δ1, trp1Δ63, and 1410, which is isogenic but has P DAL5 ::ADE2 (ADE2 controlled by the DAL5 promoter) in place of ade2-1. Both strains carry plasmid pJ312 encoding Hsp104 (see Table 1 ). Strain MR289 is1408, but MATa and has ClpB at the HSP104 chromosomal locus. It was made by first inserting the HisG::URA3::HisG (HUH) cassette (ALANI et al. 1987; JUNG et al. 2002) (MATa, ura2 ) and 621 (MATα, ura2) were used in crosses to assess infectivity and dominance of prions in strain 1408 and MR289, respectively.
[ure-o] strain 1429, used similarly to assess prions in strain 1410, is strain 620 with P DAL5 ::ADE2
in place of ade2-1. An hsp104::KanMX version of strain BY4741 was obtained from American Type Culture Collection (Manassas, VA). 1/2YPD contains 0.5% yeast extract 2% peptone and 2% glucose. It has a limiting but undefined amount of adenine. All other media and growth conditions were as described (KIRKLAND et al. 2011; SHERMAN 2002) Thermotolerance: Thermotolerance assays were performed as described (MIOT et al. 2011) .
Briefly, overnight cultures were diluted to OD 600 = 0.25 and shaken for 30 min at 30ºC. Cultures were pre-treated at 37ºC for 30 min and transferred to pre-warmed tubes in a 50ºC block. Tubes were transferred to ice at indicated times. Five microliters of five-fold serial dilutions were spotted onto YPAD plates and incubated at 30ºC. Images were taken after 2 -3 days. Figure 1A , top panels). When they lack these prions they require adenine for growth and are red when adenine is limiting ( Figure 1A , bottom panels). Figure 1A , upper left panel).
RESULTS
Hsp104
ClpB related proteins have four highly conserved structural regions (LEE et al. 2004; SCHIRMER et al. 1996 ) (see Figure 1B ). To identify functions of Hsp104 important for prion propagation that are lacking in ClpB, we assessed ability of Hsp104/ClpB hybrid proteins to Figure S1 ) so the differences in phenotypes do not appear to be due to differences in hybrid protein abundance.
BB4B has less ATPase activity than the other hybrids, however (MIOT et al. 2011 ] is more sensitive to reductions in this activity than the other prions.
Variations in mitotic stability of the prions were consistent with the differences in strength of prion phenotypes.
[URE3] was lost from dividing cells expressing B444, which is seen as red colonies arising in streaks of cells taken from white colonies, and it was even less stable in cells expressing BB4B ( Figure 2B ). The weakened strength and stability phenotypes indicate these Hsp104/ClpB hybrids promote prion propagation less efficiently than Hsp104. Figure 3A) . The failure of the other combinations to support prion propagation was not due to reduced expression of ClpB, DnaK or GrpE ( Figure 3B ). When prions, but it required cooperation with its native Hsp70 partner, which in turn required its cognate NEF. Figure 4A , BK*E). This result agrees with the idea that J-protein function is necessary for the disaggregation machinery to act in prion propagation, and that a yeast J-protein interacts with DnaK to provide that function.
To identify yeast J-protein partners for DnaK we made use of the finding that interaction of DnaK-R167H with DnaJ is restored by the compensatory D35N substitution within the highly conserved HPD (histidine-proline-aspartate) signature motif of DnaJ (SUH et al. 1998) . We first re-engineered strain 1408 to express ClpB from the HSP104 chromosomal locus (see Materials and Methods, Figure 4B ), which allowed us to use a TRP1 plasmid for expressing J-proteins. We then modified the major yeast Hsp40s [PSI + ] propagated in cells expressing BK*E when S* was co-expressed, but not when either Y* or J* were present ( Figure 4C) . The presence or absence of prions in these cells was confirmed as described above (see Figure S3) ] cells on medium lacking adenine ( Figure 4D ), which suggests that DnaJ competes with Sis1p for interaction with substrate or DnaK and is consistent with it lacking an activity required by the disaggregation machinery to promote prion propagation.
BKE cooperate with yeast Hsp40 Ydj1p to provide thermotolerance in yeast:
Hsp104 activities required for prion propagation and thermotolerance overlap considerably, but they can be separated (HUNG and MASISON 2006; JUNG et al. 2002; KURAHASHI and NAKAMURA 2007) .
To explore possible distinctions of chaperone machinery function in these processes, we assessed thermotolerance of our strains. BKE cells were noticeably more tolerant to exposure to lethal heat than cells lacking Hsp104 ( Figure 5 ). Similar results were obtained in the BY4741 strain 79870587-file00 14 background (see Figure S4 ). These results indicate that yeast Hsp40 also cooperated with the E.
coli disaggregation machinery to provide thermotolerance in yeast. Neither BK*E nor BK*EJ provided thermotolerance, but BK*EY* protected cells like BKE ( Figure 5B ). In contrast, BK*EJ* caused modest hypersensitivity to heat shock, and BK*ES* provided only slightly more protection than BK*E. These results indicate that Ydj1p was a preferred J-protein for the thermotolerance function of ClpB in yeast. Thus, the functions of this machinery in prion propagation and thermotolerance relied on different J-proteins.
DISCUSSION
We show that disaggregation machinery function in prion replication requires species-specific
Hsp70. Additionally, the requirement of Sis1p for the BKE machinery to support [PSI
+
] agrees with data indicating that specific J-protein activity is also necessary for prion replication (HIGURASHI et al. 2008) . The dependency on the species-specific nucleotide exchange factor GrpE for ClpB and DnaK to promote prion propagation further shows that NEFs, whose altered abundance or function in yeast strongly influences prions (JONES et al. 2004; KRYNDUSHKIN and WICKNER 2007; SADLISH et al. 2008) , also act as critical components of the Hsp70 system required by Hsp100 chaperones to promote prion replication. Thus, all of the core Hsp70 system components known to be involved in efficient protein folding and resolubilization of protein aggregates play critical roles in the amyloid fragmentation required for yeast prion replication.
Our results further show that cooperation of Hsp100, Hsp70, NEF and Hsp40 is also needed for thermotolerance.
Our findings add insight regarding the specificity of interactions among components of the disaggregation machinery. The ability of the BKE system to work with yeast Hsp40 is consistent propagation caused by alterations of NEFs also depends on their ability to regulate Hsp70 (KRYNDUSHKIN and WICKNER 2007) . Moreover, subtle differences in Hsp70 structure that marginally affect enzymatic activity can considerably affect prion propagation and protein turnover (SHARMA and MASISON 2011) . Taken together, the data are consistent with a notion that Hsp70 plays a major role in distinguishing how the disaggregation machinery influences propagation of different prions, and that differences in Hsp70 function in turn are specified by the efficiency or specificity of interactions of Hsp70 with co-chaperones.
Considering the collective data, and building on earlier work showing that J-proteins recruit Hsp70 to sites of action and that Hsp70/40 act upstream of Hsp100 (ACEBRON et al. 2008; WEIBEZAHN et al. 2004; ZIETKIEWICZ et al. 2004; ZIETKIEWICZ et al. 2006) , our findings lead us 79870587-file00
16 to infer that optimal activity of the protein disaggregation machinery in vivo requires pairing of Hsp100 with a specific Hsp70 that depends on appropriate regulation by a J-protein and a cognate NEF. Although Hsp70 might contribute to substrate specificity, the functions of this machinery in different cellular processes seem to be directed by these Hsp70 co-chaperones.
Our data also suggest a way to explain how certain mutations of Hsp104 affect prion propagation and thermotolerance differently (HUNG and MASISON 2006; JUNG et al. 2002; KURAHASHI and NAKAMURA 2007) . It is possible such alterations affect how different Hsp70s interact with Hsp104 or how Hsp70 and its co-chaperones are able to influence Hsp104 activity in one of these two processes.
Earlier work showing that ClpB was unable to remodel amyloid in vitro or to support yeast prion propagation raised a view that Hsp104 acquired amyloid remodeling activity through evolution, and that this activity co-evolved with yeast prion proteins to promote prion replication (HALFMANN et al. 2010; SHORTER 2008; SHORTER and LINDQUIST 2004; TIPTON et al. 2008) .
Since yeast prions propagate as amyloid, our results indicate that ClpB is able to fragment amyloid fibrils in vivo. Therefore amyloid remodeling activity of Hsp100 chaperones is conserved through evolution, challenging this view.
Our findings strengthen emerging ideas regarding chaperone interactions, in particular with regard to regulation of various functions. Microorganisms and plants have evolved an Hsp100 disaggregation motor that plays the major role in recovery from stress by solubilizing aggregated proteins. Hsp70 is not only a critical component of this machine, but also a key player in all aspects of protein quality control. Not surprisingly, a large cohort of co-chaperones has coevolved to fine-tune its functions. Our data support the notion that as cells increase in [ Patches of cells expressing the hybrids in place of Hsp104 were replica-plated onto solid media containing limiting (upper panels) or no (lower panels) adenine to assess prion phenotypes.
[ Figure 3B were streaked for single colonies on medium lacking adenine and grown 3 days at 30ºC. and GrpE (E). Cells express indicated chaperones from genes regulated by the constitutively active glyceraldehyde-3-phosphate dehydrogenase promoter on single-copy plasmids. Cells grown at 30º on liquid medium selecting for plasmids to OD 600 = 0.25 were pretreated at 37º for 30 minutes and then exposed to 50º for 30 min. Five microliters of five-fold serial dilutions of cultures were grown three days at 30º on YPAD plates.
